
Nanoparticle tracking analysis monitors microvesicle and exosome
secretion from immune cells

Introduction

Microvesicles, including exosomes, in the size range 50–

200 nm are secreted by a wide range of cell types, includ-

ing those of the immune system, and display a wide range

of biological activities.1,2 Exosomes in particular have

been the focus of much recent research. They are derived

from a specialized compartment of the endosomal–lyso-

somal pathway, in the form of multvesicular bodies,

which functionally and phenotypically allows them to be

distinguished from vesicles of plasma membrane origin.3

Exosomes appear to function in a range of intercellular

communication processes, principally based on receptor–

ligand interactions mediated by polypeptides incorporated

into the exosome membrane, but they can also deliver a

complex cargo of materials to recipient cells including

polypeptides, micro-RNA and mRNA.4–6 One area where

research has taken place is in the context of immunomodu-

lation. Dendritic cell-derived exosomes (sometimes called

dexasomes) in particular can exhibit both immunostimula-

tory or immunosuppressive effects, depending on how they

are prepared.7,8 Dendritic cell-derived exosomes are there-

fore of interest as clinically relevant cell-free therapeutics,

and several clinical trials using them as anti-cancer vaccines

have already taken place.9–11 In addition, neuron-specific

targeting of modified exosomes has recently allowed the

delivery of short interfering RNA into brain tissue in vivo,

further highlighting potential therapeutic applications.12

As a result of their size, microvesicles pose some

unique problems for their study. Commonly used

methodologies to study them include isolation by ultra-

centrifugation, immuno-isolation by antibodies, immuno-

blotting, adsorption to latex beads followed by flow

cytometry, and electron microscopy.13 Flow cytometry of

non-adsorbed free vesicles has also been reported, but is

problematical with substrates below 300 nm in size.14–16

Recently, a novel technique in the form of nanoparticle

tracking analysis (NTA) has been adapted for the study of

microvesicles.16 NTA uses the light-scattering characteris-

tics of laser light on particles undergoing Brownian
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Summary

Nanoparticle tracking analysis permits the determination of both the size

distribution and relative concentration of microvesicles, including exo-

somes, in the supernatants of cultured cells and biological fluids. We have

studied the release of microvesicles from the human lymphoblastoid T-cell

lines Jurkat and CEM. Unstimulated, both cell lines release microvesicles

in the size range 70–90 nm, which can be depleted from the supernatant

by ultracentrifugation at 100 000 g, and by anti-CD45 magnetic beads,

and which by immunoblotting also contain the exosome-associated pro-

teins Alix and Tsg101. Incubation with known potentiators of exosome

release, the ionophores monensin and A23187, resulted in a significant

increase in microvesicle release that was both time and concentration

dependent. Mass spectrometric analysis of proteins isolated from ultracen-

trifuged supernatants of A23187-treated cells revealed the presence of exo-

some-associated proteins including heat-shock protein 90, tubulin,

elongation factor a1, actin and glyceraldehyde 3-phosphate dehydroge-

nase. Additionally, treatment of peripheral blood monocyte-derived den-

dritic cells with bacterial lipopolysaccharide displayed an increase in

secreted microvesicles. Consequently, nanoparticle tracking analysis can

be effectively applied to monitor microvesicle release from cells of the

immune system.
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motion when in solution. A video recording of the parti-

cles is analysed, particles are tracked and a mean squared

displacement is calculated for each particle, allowing a

hydrodynamic radius to be determined and displayed as a

particle size distribution. Here, we show the use of NTA

in the detection and quantification of microvesicles from

two human lymphoblastoid T-cell lines undergoing

enhanced microvesicle release by treatment with iono-

phores.

Materials and methods

Cell lines, antibodies and reagents

The human lymphoblastoid T-cell line CEM was a gift

from Antony Antoniou (UCL, London, UK). The human

T-cell line Jurkat was obtained from the UK Health Pro-

tection Agency (line 88042803; HPA Culture Collections,

Porton Down, UK). Both lines were maintained in RPMI-

1640 supplemented with 5% fetal bovine serum (both

from Invitrogen, Paisley, UK) at 37� and 5% CO2 in a

humidified incubator. Monocyte-derived dendritic cells

were obtained from human monocytes cultured in 50 ng/

ml interleukin-4 and 50 ng/ml granulocyte–macrophage

colony-stimulating factor for 5 days. Antibodies recogniz-

ing ALIX, Tsg101 and CD45 were obtained from Santa

Cruz Biotechnology (Santa Cruz, CA). Anti-MHC class I

mouse monoclonal antibody HC10 was a gift from Jacques

Neefjes (Netherlands Cancer Institute, Amsterdam, the

Netherlands), and rabbit anti-ERp57 was a gift from Neil

Bulleid (University of Glasgow, UK). Monensin, A23187,

ammonium chloride, chloroquine and lipopolysaccharide

(LPS) were obtained from Sigma-Aldrich (Poole, UK).

Isolation of microvesicles

Microvesicles, including exosomes, were obtained by

sequential centrifugation. Briefly, cells were incubated at

between 1 · 106 and 4 · 106 cells/ml for the indicated

times and with the indicated ionophores. Cells were then

removed by centrifugation at 300 g for 5 min. The super-

natant was then depleted of debris by centrifugation at

10 000 g for 20 min. Microvesicles were then isolated by

centrifugation of the supernatant at 100 000 g for 2 hr.

Because this preparation is likely to contain a mixture of

both exosomes and other microvesicles, we have used the

generic term microvesicles in this study to include the

exosome pool.

Nanoparticle tracking analysis

Samples from the 10 000 g centrifugation step were used

for NTA. Briefly, approximately 0�3 ml supernatant was

loaded into the sample chamber of an LM10 unit (Nano-

sight, Amesbury, UK) and three videos of either 30 or

60 seconds were recorded of each sample. Data analysis

was performed with both NTA 1�1 and 2�1 software

(Nanosight). In NTA the paths of unlabelled particles (i.e.

microvesicles) acting as point scatterers, undergoing

Brownian motion in a 0�25-ml chamber through which a

635-nm laser beam is passed, is determined from a video

recording with the mean squared displacement deter-

mined for each possible particle. The diffusion coefficient

and sphere-equivalent hydrodynamic radius are then

determined using the Stokes–Einstein equation, and

results are displayed as a particle size distribution. Sam-

ples were analysed using the basic control settings, which

resulted in shutter speeds of 30, 6 and 1 milliseconds for

the 100-, 200- and 400-nm control beads, respectively

(with zero camera gain), and for biological samples the

shutter speeds were 30 or 15 milliseconds, with camera

gains of between 280 and 560. Software settings for analy-

sis were: Detection Threshold: 5–10; Blur: auto; Mini-

mum expected particle size: 50 nm. Data are presented as

the average and standard deviation of the three video

recordings. NTA is most accurate between particle con-

centrations in the range 2 · 108 to 20 · 108/ml. When

samples contained higher numbers of particles, they were

diluted before analysis and the relative concentration was

then calculated according to the dilution factor. Control

100 and 400 nm beads were supplied by Duke Scientific

(Palo Alto, CA).

SDS–PAGE, immunoblotting and immunodepletion

Pellets from the 100 000 g centrifugation step were resus-

pended in lysis buffer (1% nonidet-P40, 150 mM NaCl,

10 mM Tris–HCl pH 7�6, 1 mM PMSF). Then, 10–20 lg

protein was analysed by SDS–PAGE and either stained

with SimplyBlue reagent (Invitrogen) before excision of

bands for mass spectrometric identification, or electro-

phoretically transferred to nitrocellulose (BA85; What-

man, Maidstone, UK) and probed with relevant antibodies

overnight and developed with horseradish peroxidase-

coupled anti-mouse or anti-rabbit IgG (Jackson Immuno-

research, Westgrove, PA) and Femto-chemiluminescent

reagents (Perbio, Cramlington, UK). Mass spectrometry

for protein identification was performed at the University

of St Andrews Mass Spectrometry Facility.

Results

Nanoparticle tracking analysis detects microvesicles in
conditioned medium

Jurkat and CEM T-cell lines were incubated overnight in

serum free RPMI-1640 medium, and the resulting super-

natants were processed at 300 g, and then 10 000 g. The

samples were analysed by NTA in comparison to serum-

free RPMI alone and control 100-nm and 400-nm latex
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beads. Screen shots (Fig. 1a) indicate the presence of par-

ticles in the control 100-nm beads, and in Jurkat-condi-

tioned and CEM-conditioned media, whereas serum-free

RPMI alone generates no signal. The NTA gives accurate

predictions of the sizes for the control beads, and parti-

cles with peak intensities of 76 and 83 nm for Jurkat and

CEM, respectively (Fig. 1b). The mean peak of detected

particles from Jurkat and CEM cells ranged from c.70 to

160 nm during these experiments, as indicated in the fig-

ure legends. Further centrifugation of the Jurkat-condi-

tioned and CEM-conditioned media at 100 000 g,

followed by immunoblotting compared with whole cell

lysates, revealed the presence of the characteristic exo-

some-associated proteins Alix and Tsg101 (Fig. 1c). CD45

and MHC class I molecules were also detected in the

purified vesicle population (although CEM cells express

very low levels of HLA-B molecules). The normally endo-

plasmic-reticulum-resident oxidoreductase ERp57 was not

detected in the exosome samples. Centrifugation of Jur-

kat-conditioned medium at 100 000 g also removed the

NTA signal (Fig. 2b). Hence, NTA can detect the presence

of microvesicles, which include exosomes, contained in

T-cell-line-conditioned medium.

NTA permits quantification of induced
microvesicle release.

To determine if NTA allows the detection of increased

microvesicle secretion into medium induced by a range of

immune cell-modifying agents, we first incubated 1 mil-

lion and 4 million Jurkat and CEM cells overnight in

serum-free medium, then performed NTA on the post-

10 000 g supernatant. As shown in Fig. 2(a), more micro-

vesicles were detected from the sample containing more

cells, with Jurkat cells releasing more microvesicles in

comparison to CEM cells. The amount detected by NTA

in the 4 million cell sample was in both cases below a fac-

tor of increase of four compared with the 1 million cell

sample, which may reflect either incomplete linearity of

the NTA detection system, or a balance in the cell cul-

tures between microvesicle release and re-absorption by

nearby cells.

We next tested the ability of reagents known to affect

the endosomal/lysosomal pathway and also the secretion

of exosomes,17 for their ability to be detected by NTA in

conditioned medium. Jurkat cells were incubated over-

night with the lysosome-influencing agents ammonium

chloride, chloroquine and the ionophores monensin and

A23187. Only monensin and A23187 produced significant

increases upon NTA of the conditioned medium, of

approximately 43% and 126%, respectively (Fig. 2c). Secre-

tion of microvesicles was also concentration and time

dependent (Fig. 2d and 3a).

To determine if the secreted vesicles being detected by

NTA, induced by monensin and A23187, included exo-

somes, and were not therefore exclusively other types of

membrane-derived vesicles, we performed immunblotting

and mass spectrometry on vesicles isolated by 100 000 g

centrifugation. Immunoblotting revealed an increase in

both Alix and Tsg101 signal corresponding to the NTA

signal changes (Fig. 3a,b), and mass spectrometric finger-

printing analysis of five bands excised from an SDS–PAGE
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Figure 1. Nanoparticle tracking analysis (NTA)

and immunoblotting analysis of microvesicles

secreted by Jurkat and CEM cells. (a) Screen-

shots of NTA of 100-nm beads, serum-fee

RPMI-1640, and post-10 000 g conditioned

medium from Jurkat and CEM cells. Image

size recorded by video is approximately

100 lm · 80 lm. (b) Size and particle distri-

bution plots of 100-nm and 400-nm control

beads, and post-10 000 g conditioned medium

from Jurkat (peak at 76 nm) and CEM (peak

at 83 nm) cells. (c) Immunoblot analysis of

detergent cell lysates (lys) and exosome and

microvesicles (exo, post-100 000 g pellets) of

Jurkat and CEM cells.
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gel of the 100 000 g microvesicle pellet from A23187-trea-

ted Jurkat cells revealed the presence of heat-shock pro-

tein 90, tubulin, elongation factor a1, actin and

glyceraldehyde 3-phosphate dehydrogenase (labelled 1–5,

respectively, in Fig. 3c), all of which have previously

been reported to be associated with exosomes, based on

searches of the EXOCARTA database (http://www.

exocarta.org).
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Figure 2. Quantitative determination of micro-

vesicle release by nanoparticle tracking analysis

(NTA). (a) 1 · 106 and 4 · 106 Jurkat and

CEM cells were incubated in serum-free med-

ium overnight. Post-10 000 g supernatant was

analysed by NTA. The mean size of particles

detected was 161 nm. (b) Conditioned med-

ium from Jurkat cells incubated overnight in

serum-free medium was analysed by NTA after

10 000 g and 100 000 g centrifugation. (c) Jur-

kat cells were incubated overnight in serum-

free medium containing 50 mm NH4Cl,

100 lm chloroquine, 4 lm monensin, or

0�5 lm A23187. Post-10 000 g supernatant was

analysed by NTA. The mean size of particles

detected was 114 nm. (d) Jurkat cells were

incubated overnight with the indicated concen-

trations of monensin and A23187. Post-

10 000 g supernatants were analysed by NTA.

The mean size of particles detected was

126 nm.
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Figure 3. Ionophore treatment of Jurkat cells

releases microvesicles containing exosome-asso-

ciated polypeptides. Jurkat cells were treated

for the indicated times with 4 lm monensin or

1 lm A23187. Post-10 000 g supernatants were

analysed by nanoparticle tracking analysis

(NTA). (b) Supernatants of Jurkat cells treated

with the same concentration of ionophores as

in (a) for 6 hr were spun at 10 000 g and then

100 000 g, and the latter pellets were analysed

by immunoblotting for Alix and Tsg101

expression. The mean size of particles detected

was 158 nm (c). Supernatants of Jurkat cells

incubated for 6 hr as in (b) were spun at

10 000 g and 100 000 g and the latter pellets

were analysed using SDS–PAGE and Simply-

Blue protein staining. The indicated bands

were excised and mass spectrometric finger-

printing was performed. Proteins identified

included 1, heat-shock protein 90; 2, tubulin;

3, elongation factor a1; 4, actin; and 5, glycer-

aldehyde 3-phosphate dehydrogenase.
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Immunodepletion of NTA signal by antibody-coupled
magnetic beads.

To determine if the microvesicle population could be

depleted by the selective use of antibody-coupled mi-

crobeads, we incubated post-10 000 g supernatants from

Jurkat cells overnight with increasing amounts of anti-

human CD45-coupled magnetic beads. Approximately

60% of the NTA signal could be removed by this method

(Fig. 4a). Hence, antibody depletion can be used to iso-

late specific microvesicle populations during NTA of

secreted microvesicles.

NTA detects microvesicle secretion from
monocyte-derived dendritic cells.

Exosomes from dendritic cells are important immuno-

modulatory agents.7,8 We isolated blood monocyte-derived

dendritic cells using interleukin-4/granulocyte–macro-

phage colony-stimulating factor treatment, and deter-

mined their microvesicle secretion pattern upon stimulation

with bacterial LPS. Overnight treatment with LPS induced

an increase in the number of microvesicles detected by

NTA in post-10 000 g conditioned medium (Fig. 4).

Hence, NTA can be used to detect increases in the levels of

secretion of exosomes and microvesicles upon stimulation

of a variety of cells of the immune system.

Discussion

Microvesicles, including those known as exosomes, are

now known to display a wide range of biological activities,

for example the capacity to be both immunostimulatory

and immunosuppressive,7,8 the ability to show immuno-

evasion by causing T-cell apoptosis,14,15 the down-regula-

tion of receptors on natural killer cells,18 and the capacity

to promote angiogenesis, potentially increasing tumour

metastasis.19 They are therefore of potential importance as

biomarkers for disease and as therapeutic agents. The

ability to rapidly monitor the presence, size and quantity of

microvesicles in both cell cultures and in clinically relevant

body fluids would be a great advantage. NTA would appear

to be a suitable candidate technology for this purpose.

In this current study we have used two T-cell lines to

study the ability of NTA to detect increases in the secre-

tion of microvesicles into tissue culture medium after a

variety of stimuli. The ionophores monensin and A23187,

because of their ability to raise intracellular calcium levels,

and also bacterial LPS have been shown to induce exo-

some and microvesicle secretion in relevant cells.17 Our

data on dendritic cells indicate an LPS-induced increase

in microvesicle release, which is in contrast to previous

reports,20 and which may indicate significant differences

in the measurement techniques used, and requires further

study into its implications.

The rapidity of NTA shows distinct advantages over such

current methods of microvesicle analysis as absorption to

latex beads, followed by flow cytometry, or isolation by

ultracentrifugation and analysis by immunoblotting or

electron microscopy.13 We have also demonstrated the

ability to reduce the NTA signal by immunodepletion of

microvesicles, in this case using anti-human CD45 mag-

netic beads.21 Interestingly, we were only able to deplete

approximately 50–60% of the NTA signal in a series of

experiments. This may indicate either that the microvesicle

population is polymorphic, or it may also demonstrate

that, because of the small size of such microvesicles, that

not every particle will contain all the canonical markers for

that particular subset of microvesicles. Hence, the use of

several markers to better define each subset might be

required. We attempted to use a similar approach with

anti-CD9 and anti-CD63 antibodies, but these were unsuc-

cessful because of the very low levels of these markers

expressed in the T-cell lines used in this current study.

The detection of exosomes and microvesicles by NTA

is, however, not without its own challenges. Discrimina-

tion between the particles being detected, that is, between
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Figure 4. Immunodepletion of microvesicles and nanoparticle tracking analysis (NTA) of lipopolysaccharide (LPS) treated monocyte-derived

dendritic cells (DC). (a) Jurkat supernatants were incubated with the indicated amounts of anti-human CD45 magnetic beads overnight, before

NTA. Data represent samples measured in triplicate with mean and standard deviation plotted. The data are representative of three separate

experiments. (b) Human peripheral blood monocytes cultured in interleukin-4/granulocyte–macrophage colony-stimulating factor for 5 days to

generate DC were incubated overnight in serum-free medium containing 50 ng/ml LPS. Post-10 000 g supernatants were analysed by NTA.
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true exosomes and other membrane microvesicles, would

be beneficial. A recent advance in the ability to incorpo-

rate fluorescence detection into NTA might provide an

answer to this problem. Hence, using either fluorescently

coupled antibodies or antibody-conjugated quantum dots

might allow the detection of subsets of microvesicles

within a sample.16 A further problem that must be taken

into consideration is background signal. The use of

serum-free medium in this current study was required

because serum supplements (such as fetal calf serum) can

often contain vesicles, which may therefore require ultra-

centrifugation before their addition to the culture med-

ium. Aggregates of serum proteins may also provide

spurious signals. However, not all cell systems can tolerate

significant lengths of time in serum-free conditions with-

out adverse reactions being induced, which could further

influence NTA results.

Using NTA may provide other valuable information to

those working in the exosome and microvesicle field. For

example, in most current systems, the exosomal input

into the experiment is usually reported in terms of micro-

grams protein, which can often range from a few to sev-

eral hundred micrograms.14,22 The precise number of

microvesicles being added in each system is therefore

completely unknown. For the first time, NTA in conjunc-

tion with protein determinations could be used to report

how many microvesicles are present per microgram of a

typical sample, and therefore how many microvesicles are

being added to the experimental system. Such informa-

tion is likely to lead to a better standardization of

systems. Furthermore, at present it is unknown what

physical state the microvesicle preparations are in before

their addition to a system. NTA of a small sample of any

given preparation would provide information on whether

a sample is in a monodispersed or aggregated condition,

which may significantly impact on a biological system.

Similarly, reporting the average size of the particles

detected will also be of use in determining the quality of

microvesicle preparations. In this study the particles

detected ranged from c.70 to 160 nm, which is the

expected size range for exosomes and microvesicles.1,2

Some variation was noted depending on the software set-

tings chosen in the analysis program, and at higher drug

treatment concentrations of A23187 we noted morpholog-

ical appearance changes consistent with the onset of

apoptosis. Again, standardization across multiple users

will assist in generating standard operating procedures for

the use of NTA.

In summary, we have successfully demonstrated the

ability of NTA to follow increases in the release of micr-

ovesicles in the culture medium of immune cells under-

going activation. This technique is likely to be of

significant advantage in the monitoring of exosomes and

microvesicles in a variety of immune-based experimental

systems.
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